Abstract This work investigates internal plasma process parameters using a hairpin resonance probe and optical emission spectroscopy. The dependence of electron density and atomic fluorine on the percentage of oxygen in an SF6/O2 discharge was measured using these methods. An RIE Oxford Instruments 80 plus chamber was used for the experiments. Two different process powers (100 W and 300 W) at a constant pressure (100 mTorr) were used, and it was found that the optical emission intensity of the 703.7 nm and 685.6 nm lines of atomic fluorine increased rapidly as oxygen was added to the SF6 discharge, reached their maximum at an O2 fraction of 20% and then decreased with further addition of oxygen. The plasma electron density was also strongly influenced by the addition of O2.
Introduction
Electronegative gases such as sulphur hexafluoride (SF 6 ) and O 2 play an important role in materials processing by plasma technology. Plasma is a gaseous discharge in which ionization and fragmentation of gases take place [1] . One of the important parameters during dry etching is the concentration of reactive species in the plasma. Plasma etching processes have had a large impact on silicon-integrated circuit manufacturing technology by enabling anisotropic etching of deep sub-micron sized features with vertical sidewalls in silicon [2] . SF 6 , either pure or mixed with other gases, is frequently used for Si etch applications. The atomic fluorine produced in the SF 6 discharge is now recognised as the main etchant for silicon. As opposed to freons, SF 6 does not deposit polymer films on the surface in the plasma environment [3] . However, in SF 6 -based plasmas, the reactions are complex and a great number of by-products are formed, especially when SF 6 /O 2 gas mixtures are used. In addition, the SF 6 molecule has a high electron attachment coefficient rate [3] . To meet the requirements of modern semiconductor manufacturing processes and achieve the required device structural precision, it is necessary to know the precise composition of the plasma interacting with the surface of the material being processed and the densities of the main reactive species. These densities can be estimated by optical emission spectroscopy (OES). OES is an inexpensive, real-time monitoring technique that can be used to quantitatively or qualitatively identify the characteristics of plasma species based on their emission spectra. OES has proven useful in understanding gasphase kinetics and reaction mechanisms, and in performing spatial and temporal measurements of species densities [4] . It is effective as an etching end point detection method in etching processes and also as a leak detection method for plasma chambers [5, 6] . The main limitation of this technique is the maintenance of the optical window, which becomes contaminated over time due to deposition and etching that can significantly affect the acquired spectra, especially for fluorocarboncontaining (C 4 F 8 , CF 4 , etc.) plasmas [7] . It is well known that the light emitted by the plasma species is a function of the densities of excited states and not directly of the densities of the species. Actinometry is an extension of the OES technique that can be utilized to estimate the relative or absolute concentrations of plasma species. In this study, we used argon actinometry to obtain information on the atomic fluorine concentration. This technique was introduced by COBURN and CHEN [8] , in which a small but precisely known amount (a few percent) of rare gas is introduced into the plasma. Here, the F (703.7 nm) and Ar (750.4 nm) lines are chosen for monitoring the relative F concentration. This is justified because these emitting states are both excited electronically from the ground state and they have similar threshold energies.
Over the last couple of years, the hairpin resonance probe has become a popular plasma diagnostic technique. This technique can produce very accurate and repeatable measurements of the electron density in a low-pressure plasma in a straightforward manner over a wide range of discharge parameters in plasma where the RF component of the plasma potential is negligible [9, 10] . The probe is typically an open-ended quar-ter wave transmission line, whose resonant frequency is related to the dielectric constant of the medium that surrounds it. When the probe is placed in the plasma, its resonant frequency shifts relative to its characteristic frequency in vacuum. From the frequency shifts, the electron density is determined from the following equation [9] .
where n e is the electron density and f v and f p are the resonant frequency in vacuum and plasma, respectively. The main advantage of this technique is that it measures the electron density in the plasma with the inserted probe floating through the plasma potential. It requires no net current as opposed to the Langmuir probe [10] , which typically sweeps the probe tip bias to collect the electron and ion current.
Here, we present the experimental results obtained from the analysis of an SF 6 /O 2 radio-frequency plasma using optical emission spectroscopy and the hairpin resonance probe. The reactive particle density was estimated using the actinometry technique, where a small amount of noble gas was added to the reactive plasma and the percentage of oxygen introduced varied from 0 to 60%.
Experimental work
The experimental setup used in this work is shown in Fig. 1 . The Oxford Instruments 80 plus was used to investigate the SF 6 /O 2 discharge. The rf powered electrode was a stainless steel plate with a 240 mm diameter. The grounded electrode was also made of stainless steel and was separated from the rf electrode by a distance of 46 mm. This electrode also worked as a showerhead to feed source gases. A capacitively coupled plasma was generated by a 13.56 MHz rf power source with an L-type matching network. Two different process powers, 100 W and 300 W, were used in the experiment. The chamber pressure (100 mT) and process time (1 minute) were kept constant. The oxygen percentage was varied from 0 to 60% in SF 6 /O 2 .
The optical emission spectrometer (Ocean Optics with a resolution of 1.5 nm) was positioned at a quartz window for recording the emission spectrum. Optical emission intensities of F and Ar at 703.7 nm, 685.6 nm and 750.4 nm, respectively, were measured as a function of the oxygen concentration in order to measure the relative density of the F atoms in the plasmas by adding less than 5% Ar gas to the plasmas using the actinometry technique. The noble gas Ar was selected because the energies of the initial states responsible for the Ar and F optical emission are similar [8] . The resolution of the OES system is about ∼15Å, which is adequate to identify the 703.7 nm, 685.6 nm, 750.4 nm, 777.4 nm and 777.5 nm lines. In order to investigate the correlation between the electron density and fluorine concentration in the plasma, a reflection-type hairpin probe was introduced in the centre position in the chamber to measure the electron density. Before commencing the experiments, the chamber was run several times with Ar plasma for cleaning to minimize chamber contamination. All measurements were carried out simultaneously and data was recorded with a PC-based Lab-view programme.
3 Results and discussion Fig. 2(a) and (b) shows a typical OES spectrum of SF 6 and SF 6 /O 2 with a trace amount of Ar discharge. Fig. 2(a) shows the F and Ar emission intensity at 703.7 nm, 685.6 nm and 750.4 nm, respectively, with no evidence of oxygen peaks in the 777.194 nm to 777.539 nm wavelength [11] range, whereas Fig. 2(b) shows the oxygen peak at the 777.417 nm and 777.539 nm wavelengths. The absence of an oxygen peak at ∼777 nm in Fig. 2(a) was due to the absence of oxygen gas in the plasma discharge. A significant difference between SF 6 and SF 6 /O 2 plasma Fig.1 A schematic illustration of the experimental setup Fig.2 (a) A typical optical emission spectra of SF6/Ar plasma at 300 W power and 100 mT pressure, and (b) of SF6/O2 (60%)/Ar plasma at 300 W power and 100 mT pressure in the optical emission intensities from excited F and O states can readily be seen in these spectra. With the addition of O 2 , the SF 6 plasma emits at higher intensities at 703.7 nm and 685.6 nm, corresponding to the relaxation of excited F atoms, and much higher intensity at ∼777 nm corresponding to the relaxation of exited O atoms, as compared to the SF 6 plasma.
Figs. 3 and 4 show the Ar and F emission intensities versus the O 2 percentage (by flow rate) of the SF 6 /O 2 plasma. As shown in Fig. 3 , the Ar intensity decreased as O 2 was added. This behaviour is similar to that in the CF 4 /O 2 plasma reported by MOGAB et al [12] . Fig. 4 shows the emission intensity of F (703.7 nm and 685.6 nm) lines with the O 2 percentage. These two lines show a similar behavior in terms of its dependence on the O 2 percentage. Their intensities increased rapidly as oxygen was added to SF 6 , reached their maximum for an O 2 fraction of about 20%, and then decreased with further addition of oxygen.
According to COBURN et al. [8] , the Ar emission in-tensity (for constant Ar density) is identical to the excitation efficiency of the F lines monitored. The intensity of the atomic fluorine emission is proportional to the product of the ground state F atom density [13, 14] , and thus the ratio of the F lines to that of the Ar line gives the relative F density versus the percentage of oxygen. Fig. 4 shows the F atom density as a function of the O 2 percentage in SF 6 /O 2 plasma determined by the above method. In this figure, it is clearly shown that the F atom concentration increased with an oxygen fraction up to 20%, and then decreased. This behavior is consistent with the fact that at a lower oxygen concentrations, oxygen additives increase the conversion of SF 6 by reacting with fluorosulfer radicals, and thus prevent their recombination with fluorine to reform SF 6 [15] . This leads to a net increase in the F concentration. Whereas at higher oxygen (more than 20%) fractions, there is competition between oxygen species and fluorine atoms that have recombined with fluorine to reform SF 6 . COBURN et al. [8] also proposed that the excitation efficiency of Ar and F lines is a function of the number of electrons in the discharge with energy exceeding the energies of the initial states responsible for emission. Since the initial state energies are quite close, the number of electrons capable of exciting the F and Ar levels varies with discharge parameters. It is noted that the excitation energies of Ar and the dissociation of SF 6 are 11.7 eV and 9.8 eV, respectively [3, 16] . Fig. 5 shows the electron density as a function of the O 2 percentage. This figure shows that the electron density initially increased with the oxygen fraction up to 20% and then decreased with the oxygen fraction. A subset of excited state chemistry is electronic quenching. These reactions are collisions involving excited states of atoms or molecules and result in the deactivation of the excited state (quenching) and the transfer of energy to the collision partner. Different vibrational levels in SF 6 reduce the level of O − . At low oxygen percentages, SF 6 molecules can act to quench the O( 1 S) and levels 4, 5 and 6 of O 2 (A 3 + u ) [17] with a quenching rate constant equal of 6×10 −13 cm 3 molecules [18] . This quenching action reduces the negative ion formation in Fig.5 Electron density versus percentage oxygen of SF6/O2/Ar discharge at two different power levels: 300 W and 100 W the discharge. This is a feature of an electronegative discharge, where the increase in the electron density is a direct mirror of the decrease in electronegativity. The trace amount of argon reacts with oxygen causing an increase in the positive ion content of the discharge and electrons. An oxygen content of up to 20%, the aggregate effects of recombination retardation, oxygen quenching and increased argon ionization account for the increase in the electron density. Beyond this region, the plasma becomes increasingly electronegative and the discharge is maintained by a decrease in the electron density as it becomes more oxygen diluted [19] . The addition of O 2 to an SF 6 discharge causes the conversion of the feed gas into stable compounds. These compounds can act as sources of atomic fluorine, just one of these reactions, O+SF 5 −→SOF 4 + F, k = 2 × 10 −11 cm 3 /s provides an additional source of fluorine which accounts for the increase in the F 703.7 nm emission up to the oxygen content of 20%. After which the plasma becomes oxygen rich and the dilution effect causes a decrease in fluorine emission. These results are consistent with previous findings [19, 20] . The increase in oxygen content also causes a reduction in the argon 750.4 nm emission (Fig. 3) . This is an upper energy state of the 750.4 nm lines and is nearly isoenergetic with the excited states of O atoms just below the ionisation limit. This condition leads to resonanceenhanced quenching of the argon transition, as the discharge has an increasing O 2 dissociation rate. This increasing dissociation is also reflected in the electron density reduction measurement. The increased deactivation of Ar along with increased F production up to 20% O 2 explains the emission trends in Fig. 4 .
In the process chemistry, sidewall passivation can be achieved with the addition of O 2 to SF 6 plasma, which is based on SiO x F y film formation. The SF 6 gas plasma produces radicals F, SF 5 and inhibitor Si x S y F (only with cryogenic cooling) and by-product SiF 4 . In this plasma, fluorine radicals contribute to etching and oxygen radicals passivate the silicon. With this phenomenon, a certain concentration of oxygen (not more than 20%) is added to the SF 6 plasma to achieve a balance between the oxygen and fluorine radicals for vertical sidewall etching. In such a way, SF 6 produces F radicals for the chemical etching of silicon, forming the volatile product SiF x , which could easily be removed from the surface. SF 6 is the source of the SF + x ion which is responsible for the removal of the SiO x F y layer at the bottom trench, forming SO x F y and allowing further silicon etching. The addition of a noble gas such as Ar stabilizes and cools the plasma [21] . Argon addition causes inert ion bombardment of the surface and enhances the anisotropic etching.
Conclusion
Internal plasma process parameters using a hairpin resonance probe and an optical emission spectrome-ter have been studied in an Oxford Instruments 80 plus RIE system. The atomic fluorine concentration depends on a combination of many parameters. The atomic fluorine density increased with an increasing oxygen percentage up to 20% in an SF 6 /O 2 gas mixture, and a further increase in the O 2 content decreased the F atomic density. The increase in the F atomic density with increasing O 2 appears to be due to an increased dissociation of SF x by oxygen. The decrease in F atom density at very increased oxygen percentages is due to the decreased SF 6 partial pressure in the SF 6 /O 2 mixture. The plasma electron density shows similar results, which are correlated with the atomic fluorine concentration. In an SF 6 /O 2 gas plasma, etching profiles can be controlled by monitoring the flow rates of these gases.
